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THE CHEMICAL BEHVIOH OF ACIDIFIEU CHROMIUM (ill) SOLUTIONS 
INTRODUCTION 

A unique energy-storage system has been developed at NASA'S 
Lewis Research Center called REDOX. This NASA-REDDX system is an 
ei ctrochemical storage device that utilizes the oxidation aind reduction 
of two fully soluble redox couples for charging and discharging. The 
redox couples now being investigated are acidified chloride solutions of 
chromium (Cr /Cr and iron (Fe /Fe •^). Figure 1 shows the system in 

9 

its simplest form.' 

The basic flow cell consists of two porous carbon-felt electrodes 
separated by a sheet of membrane material. The membrane is a highly 
selective ion exchange membrane. It is engineered to almost completely 
prohibit the passage of iron cuid chromium ions but allow easy passage 
of chloride au;d hydrogen ions (fig. 2).^ in tiie development of the 
electrodes, it was found that the rates of oxidation and reduction of 
ferrous and ferric ions were rapid enough that a catalyst was not needed. 
However, the chromium side did require a catalyst. Therefore, gold 
and lead were culded to the chromium oloctrode. The lead has long 
been known as an effective catalyst for redubtion of Cr The presence 
of small amounts of gold are needed to provide a surface on which the 

7 

load plates during charging. 

The REDOX solutions are pumped through the porous electrodes.' 

As the system is being charged, the chromium solution is mostly chromic 
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ion, euid the iron solution is mostly ferrous ion. During discharge, 

chloride ions move from the cathode compartment to the anode compartment 

while hydrogen ions move in the opposite direction. The discharge process 

is summarized as follows: 

At anode: Cr*^ — Cr^^ + e” 

At cathode: + e” — • — Fe*^. 

As discharge continues, there comes a point as in any battery 

where recharging is necessary. Therefore, to recharge, a power supply 

is connected to the terminals, and the reverse electrochemical reactions 

9 

occur. 

This REDOX energy storage system has some significant potential 
uses. For utilities, it could provide electric power companies with an 
efficient means of load levelling; that is, the storing of thouseuids of 
kilowatt-hours of energy during low demand periods for use later during 
periods of maximum power consumption. Also, REDOX systems could help 
to speed up the growth of solar electric (photovoltaic) and wind-energy 
systems where the cost of electrical stonv;o has important considerations. 
Storage is necessary when the sun is not shining or the wind not blowing.^ 
The fully functioning system has had some minor problems. One 
is that in the chromium side small amounts of hydrogen gas aro evolved. 
This can reduce the efficiency of the system by one to two percent each 
discharge cycle if uncorrected. However, this gas has been found to 
be easily captured atid recombined with the iron reactant in a special 

r 

rebalancing cell built into the system.'^ 

The second problem involves difi'orerjces in the open circuit 
voltage and rates of charge and discharge. It 'nas been noticed that 
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color changes occur during the charge and discharge cycles. It is also 

evidenced by open circuit voltage versus depth of discharge plots. 

Distinctive differences in the colors of the chromium solutions, the open 

circuit voltages and rates of charge or discharge are observed at the 

sane state-of-charge depending on whether the cell is in the charge 

mode or the discharge mode (fig. ^). It therefore appears that Uie 

chromium solution involves several complex ion species. Research was 

carried on to determine tne identity of thi;se chromium species and to 

investigate the nochanisms uf the oxidation and reduction reaction at 

3 

the chromium electrodes. 

In a previous study, the reactions at the chromium electrode 
Here followed spectropholometi.cally. A single cell was taken through 
two charge-discharge cycles, arid a one millimeter flow-cell was connected 
to the REDOX cell and placed in a spectrophotometer. The spectrum was 
lecordo' at selected suites of charge fix>m nm to 1000 nm, A look 
at the spectra showed two broad bands with axima at 410-430 nm and 
575-610 nm. 

A literature search indicated the following complex ions could 
exist in acidified chromium chloride solutions. 


Complex 


Maxima 


^H)7 nm 

575 nm 

Cr(H^O) 

4}0 nm 

605 nm 


450 nm 

635 nm 


The spectral peaks were Uius resolved into cumponnnt peaJis using a 
DuPot5t 310 Curve Resolver (fig. 5)- 

The data clearly showed that oxid.ition and reduction both 



OPEN-CIRCUIT VOLTAGE HYSTERESIS OF IRON/CHROMIUli REDOX CELL 
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involved Cr(H 20 )^Cl The chart^irid in*oc(.*:i;j in which Cr is reduced 

^ p 

involves reduction of Cr(H 20 )^Cl indicated by a marked decrease in 
the concentration of Cr(H 20 )^"*^^. The diacharge process alco involvoa 
Cr(H 20 )^Cl^^ in which Cr^^ is oxidized to Gr^^. This reactiont 
Cr(H 20 )^Cl’*'^ + e’ Cr(H 20 )^Cl'^^ 

is reversible and occurs through a c;.lorido-btidged, inner sphere pathway 

4 

as demonstrated by Anson. 

Because the spectrophotometilc studies involved resolving the 
composite peaks into the component peaks it seemed judicious to see if 
the complex ions present in cell solutions could be separated and 
identified. 

EXPERIMENTAL 

A literature search indicated that three complex ions could 
be expected to be in aqueous solutions of .acidified chromic chloride. 

The three complex ions art hcxaaquochromium (III), chloropentaaquochromium 
(III), and trans-dichlorotetraaquochromium (III). Figures six and 
seven show their structures. 

Robert J. Angelici has prepared and separated the complexes 
using ion-exchange chromatography. The column used was prepared with a 
Dowox 5GW-X6, cation exduaiige rosin, 5G 100 mesh, form (fig. 8 ). 

A buret approximately sixty centimeters long .and one centimeter in diameter 
was plugged with glass wool and tlibii filled to fifty centimeters with 
a slurry of the Dowex rosin. ^ 

AIM CrCl.^* 6H.^0 solution was nvido by dissolving Zh.(Ay^ grama 
in 100 milliliters of 0.00?. H HCLO^^. The first complex to be prepared 
and .sejKirated was the trans-diclilorot(!tra-'ii|iiochromium (III). Five 
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■lUiliters of the 1 M CrCl^* 6 H 2 O solution was transferred directly 
to the resiii coluaut. The solution was di'ilned to resin level and then 
0.1 H HCL 0 |^ was added continuously using .1 syphon. The elutant was 
adlowed to flow about one drop per second. The progress of the green> 
colo]^ solution was fr** lowed down the column and was collected at its 
most intensely colored portion (table !). Thg visible spectra was run 
and maximum absorption peaks were obtained at 4^0 na and 635 nm (fig. 9). 

The chloropenta-aquochromium (ITI) was prepared by warning ten 
milliliters of the 1 M CrCl^* 6 H 2 O solution in a water bath at fifty- 
five degrees celsius for a minute cind a h:ilf. It was then diluted with 
ten milliliters of distilled water and transferred directly to a fresh 


resin column. The solution was drained to resin level and 0.1 M HClO^i^ 

was syphoned onto the column to elute out the unreacted Cr(H 20 )i^Cl 2 ' 

This was followed down the column cmd collected. Then 1.0 N HCLOj^ 
was pc^sed through the column to elute the Cr(K 20 ),Cl . This solution 
was also green, and its progress was easily followed down the column 
and collected at its most intensely colored portion (table 2). The 
spectra of this solution showed iwucimum absorption peiiks at 430 nm and 
605 nm (fig, 10 ). 

The last complex, hex^u'-.t^uochromium (ill), was prepared also 
using the same 1 M CrCl^* oH^O in 0.002 M HCID^. Ten milliliters was 
diluted with ton milliliter:; of distilled water and then boiled for five 
minutes. Ten more milliliters of distilled water was added and the 
resulting solution tramsferred to a fresh resin column. Again tho sol- 
ution was drained to rosin level. The 1.0 M HCIX)^ was added first to 
elute off any unreacted Cr(H 20 )^Cl 2 ^^ or Cr(M,0)^ Finally 3.0 M 
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TRANS ~ CrCL2^0^^2^^ 


+ 


CrCL 3 • 6 H 2 O DISSOLVED IN 0.002M HClO|| 


Eluted with 0.2M I1Cl0i| 


Visible Spectra 


Maxima 450 nm , 035 nm 


tabu; 1 




DICHLOROTETRAAQUOCHROMIU!! (Ill) 




- 16 - 


ORIfflNAL PAGE FS 

OF POOR O- ’ 'TV 

CRdMI^j^CL*^ 

CrCl 3 • 6H2O DISSOLVED IN 0.002n HCtOij 
Harmed minutes in 55®C water bath 
Eluted with 1.0 M HCLOq 

Visible Spectra 

Maxima ^i30 nm , 605 nm. 
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HCLO^^ was added to elute the Cr(H,,0)^ Tfiis solution was a distinct 
blue color in contrast to the other si)ecios which were green. This, 
too, was collected at its most intensely colored portion and the spectra 
obtained (table 3). Tlie maximum absorption peaks were obtained at A07 nm 
and 575 nm (fig. 11).^ 

It should be noted that the ab:K>rption peaks obtained were 

o 

identicaJ to those found by Thomas U. Swaddle, Edward L. King, and 
Philip J. Elving in their preparation and identification of these com- 
plexes.^ 

The acidified Ci'Gl^ solution used in the NASA-REIX)X cell was 
analysed to determine the identity of the comple: ions present. The 
Cell solution was prepared by dissolving 26.5896 grams of CrCl^* 6H2O 
in 100 milliliters of 1 M HCL. Ton milliliters was pipetted directly 
into a fresh resin column. The siimplc was first eluted with 0.1 M 
HCLO^. The grean-colorcd solution was collected until the fraction 
was clear. Twenty-five milliliters were collected. The next elution was 
with 1.0 M HCLO^. Again, a greon-colonjcl solution was collected until 
the column fraction was clorir. This time 195 milliliters was collected. 
Lastly, 3*0 M HCLDj^ eluted off 172 milliliters of a blue-colored solu- 
tion. The specti-a of fractions were obtained using the Bausch and Lomb 
Spectronic 20. The spectra of the first fraction showed maximum ab- 
sorption peaks :t 430 nm and 605 nm. Tlje second fraction had absorption 
]>e<iks also at 430 nm and 605 nm. Tho last fraction had maximum ab- 
sorption peaks at 407 nm and 575 nm, cluii'actoristic of the Ci^HgO)^ 

From these spectra it can be concluded that no Cr(H20)^Cl2**^^ was present 
in the cell solution, and only Ci^H20)^Cl^^ and Cr(H20)^^^ existed (table 4). 
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CR(OII^)g^^ 


CrCl3 ' ^^2® dissolved in 0.002f1 HClO^^ 


Boiled for 5 mini/tes 


Eluted with 3.0M IIClO,, 


Visible Spectra 


Maxima ^07 nm , 575 nm. 


TABLE 3 
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CaL SQUIILQN 

IM CrCl3 • 6fl20 IN IH IICl 

A. Elution with O.IM HClO^j 
Spectra maxima ^30 nm , 605 nm 

B. Elution with l.OM IIClO/| 

Spectra maxima /|50 nm , 605 nm 

C. Elution with 5.0M HClO/j 
Spectra Maxima *l07 nm , 575 nm 


D. CRCL(0ll2)r,'2/CR(0ll2)6*^ 


^>3:1 (2 iif:..); 1.2:1 (9 days) 


T/\I>LE 4 
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Noxt, the cell :;oluLion which kid Ijeen run through two chirge- 
discharge cycles was analyzed to idimtily Iho ions present, 

A solution of 1 M Ci'Cl^* P^oi'ared by dissolving 133*3326 

grams in 500 milliliters of 1 M HGL. This solution was then placed in 
the battexy axid run through two charge-discharge cycles at .32 ajnps. 
Immediately upon the second discharge, ten milliliters was pj-‘'* ‘ed 
out and tnxnsferred dii'ectly to a fresh resin column. Again •''n 
began with 0.1 M HCLO^ followed by 1.0 M and 3*0 M HCLO^. Ihirty 

milliliters, 28? milliliters, and 380 milliliters respectively were 
collected. Three solutions were collected and the spectra obtained 
using the Spectronic 20. The first two solutions again had the Seune 
maximum absorption peaks at 430 nm and 605 nm characteristic of the 
Cr(H20)^Cl^^. The last fraction again kxd maximum absorption peziks at 
407 nm and 575 nm showing the presence of Cr(H20)^^^ (table 5)* This 
procodui’e using the solution from the two charge-discharge cycles was 
pei’formed twice. Data obtained coincidoil . 1 :; far as the species present 
was concerned. The ratio of the two complexes differed slightly (table 5)* 
Another difference between the two trials is that the first procedure rer- 
suited in some dimers foi'med and remaining in the column. No dimers were 
present the second time. 

OONCLUGION 

The data clearly shows that the three complex ions, trans- 
dlchlorotetraaquochromium (ill), chloroponta.t»iuochromium (III), and 
hexa/iqiiochromium (III) have been prepai'ed, separated using 
ion exchange chroma tograjihy , and identified spetrc'hotometrical.ly . In 
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CELL SOLUTIOf) AFTEH 2 CHARGE-DISCHARGE CYCLES 

^.32 amps) 

1« CrCl3 • GH 2 O IN IM HCl' 

A. Elution with O.IM HClO/j 
Spectra maxima ^30 nm , 605 nm 

B. Elution whm l.OM lICi.O/j 
Spectra maxima A 50 nm ^ 605 nm 

C. Elution with 3,0M IIClO/i 
Spectra maxima ^07 nm » 575 nm 

D. Cr(0II2)6*VCrCl( 0II2)5*^ 2. it:! (2 hfs.) 


tabu; 5 
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identified as the principle chromium species with Cr(h 20 )^Cl*^ pre- 
dominating (table 4). In the cell soluticn iiXtcr two charge-discharge 


cycles, tlie principle species were Cr(H 20 )y:i and Cr{H^Q)^^ with 
Cr(H20)^ the predominating species (table 5). This data correlates 
with the resolved peaks collected earlier. 


The experiisent with the cell solution after two charge-discharge 
cycles was performed twice. The first time a dimer was formed in the 
column; however, the second tine no diner was found. Why the was 

formed the first time and not the second is not known and should be the 
subject of further study. 
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